Introduction
============

Radiotherapy (RT) has been an important treatment for thoracic tumors. More than 70% of esophageal carcinoma patients received RT during the course of the disease. Approximately 13%--37% of patients that received radical RT developed symptomatic radiation-induced pneumonitis (RP).[@b1-ott-8-1129] Recent studies have shown that each Gy above the conventional prescription dose of 60--70 Gy would improve the 3- to 5-year survival rate by approximately 1%, and it would reduce cancer-associated mortality by approximately 3%.[@b2-ott-8-1129] The conventional radiation dose was determined based on the risk estimates for the general human population, so as to limit the toxicity rate to 5%--15%.[@b2-ott-8-1129]--[@b5-ott-8-1129] In other words, because 5%--15% of patients are hypersensitive to radiation, a large percentage of patients did not receive the optimal dose for RT. Therefore, a majority of patients have not achieved optimal survival rates and recovery rates. We reasoned that if specific markers can be used for the detection of severe toxicity, we can exclude these high-risk patients to adjust the RT techniques, planning, and radiation dose to achieve a higher dose for personalized RT.

In recent years, radiation-induced damage in the lung and plasma has become a hot research topic. Some studies have shown that fibrogenic and inflammatory cytokines play important roles in the course of RP.[@b6-ott-8-1129]--[@b12-ott-8-1129] Transforming growth factor-beta-1 (TGF-β1) is a pleiotropic cytokine that regulates the growth and differentiation of cells. It stimulates connective tissue collagen formation and reduces degradation leading to fibrosis.[@b13-ott-8-1129] TGF-β1 has been found to be highly associated with damage of the lung architecture.[@b14-ott-8-1129] Some scholars have found that TGF-β1 was a useful means to identify patients at risk for the development of symptomatic RP.[@b14-ott-8-1129]--[@b16-ott-8-1129]

Interleukin-1 beta (IL-1β) is an inflammatory cytokine that is produced by macrophages. It often induces acute phase response and fever.[@b13-ott-8-1129] Rubin et al[@b16-ott-8-1129] suggested that early and persistent inflammatory cytokines are produced following pulmonary irradiation. IL-1β is one of the initiation factors of RP.[@b16-ott-8-1129] Patients with higher levels of inflammatory cytokines were prone to developing RP.[@b10-ott-8-1129] Currently, it is recognized that the cytokine IL is associated with RP, and that it is a plasma marker for early stages of the disease.[@b9-ott-8-1129],[@b10-ott-8-1129],[@b17-ott-8-1129]

Angiotensin-converting enzyme (ACE) is known as peptidyl-dipeptidase A. It is also known as the enzyme that produces the vasoconstrictor angiotensin II.[@b18-ott-8-1129],[@b19-ott-8-1129] ACE affects many physiological processes, including blood pressure control.[@b19-ott-8-1129] ACE had been purified from the lungs of pig, rabbit, dog, and cow, and from the sera of rabbit and humans secreted by the endothelial cells.[@b20-ott-8-1129] Because the pulmonary capillary is the largest blood vessel bed of the body, ACE in the blood is mostly likely derived from lung endothelial cells. When the lung is exposed to radiation, the capillary will become edemic and hyperemic, which can result in injuries to the endothelial cell, thus inhibiting ACE synthesis.[@b13-ott-8-1129] Zhao et al[@b21-ott-8-1129] reported that the concentration of ACE in plasma decreased significantly after RT; they also showed that lung irradiation could induce changes in ACE in plasma, suggesting that the reduction of ACE levels might be related to the occurrence of RP.

The aforementioned studies are based on RT on non-small-cell lung cancer. In order to investigate the cytokine expression levels in esophageal cancer, we have evaluated the levels of three cytokines (TGF-β1, IL-1β, and ACE) to determine whether they can be plasma markers for RP.

Materials and methods
=====================

Ethical considerations
----------------------

All participants voluntarily consented to participate in this study. This prospective study was conducted according to the Declaration of Helsinki guidelines and the protocols were approved by our Institute Human Ethics Committee at the First Affiliated Hospital of Henan University of Science and Technology (Luoyang, People's Republic of China) (reference number: 20130903). The study was registered with the Clinical Trial Registry of China (registration number: ChiCTR-ONRC-13003810).

Patient eligibility and study design
------------------------------------

Sixty-three patients with esophageal cancer participated in the study from October 2013 to September 2014 at the Department of Radiation Oncology, the First Affiliated Hospital of Henan University of Science and Technology. These patients received three-dimensional conformal RT (3D-CRT). The initial assessment included a complete medical history, physical examination, endoscopy and biopsy, a complete blood count and biochemical profile, pulmonary function tests, and chest computed tomography (CT).

Inclusion and exclusion criteria
--------------------------------

The criteria for enrollment included: 1) patients that were diagnosed with esophageal squamous cell carcinoma by biopsy or cytology; 2) those who did not undergo surgery and chemotherapy; 3) a Karnofsky performance status ≥80; 4) ≤80 years of age; 4) good heart, lung, liver, and kidney functions; 5) no distant metastasis; 6) no myocardial infarction, cerebral infarction, or other critical sickness in the recent 6 months; 7) a life expectancy of at least 6 months; and 8) a prescribed radiation dose of 50--70 Gy.

The exclusion criteria were: 1) a history of RT or chemotherapy for a thoracic tumor; 2) a history of severe pulmonary dysfunction or pulmonary fibrosis; 3) patients who had received a whole or partial pulmonary lobectomy; 4) poor general health conditions, 5) intolerance to radiation or those who did not complete radiation; 6) a diagnosis of asthma, serious chronic bronchitis, emphysema, or severe pulmonary infection; and 7) having other serious diseases, such as myocardial infarction and cerebral infarction, that occurred within the last 6 months.

Radiotherapy description
------------------------

An Elekta Stereotactic Body Frame was applied to fix the patient's posture. A chest CT scan of the entire lung was performed with the immobilization device at a 5 mm scan thickness. The median prescription dose was 62 Gy (ranging from 50--70 Gy). All patients received conventional fractionated RT (10 Gy at five fractions per week). RT was performed with 6 MV X-ray from medical LINAC (Elekta Precise; Eleckta, Stockholm, Sweden) instrument. Tumor targets (gross tumor volume \[GTV\], clinical target volume \[CTV\], and planning target volume \[PTV\]) were defined according to the International Commission on Radiation Units and Measurements.[@b22-ott-8-1129],[@b23-ott-8-1129] Moreover, 3D-CRT was comprised of 3--6 X-ray beams and the PTV was in the 95% range isodose curve. The beam arrangement was used to minimize the radiation exposure on the spinal cord and other vital organs. The dose--volume histogram (DVH) data were collected from 3D-CRT. V~5~, V~10~, V~20~, and normal tissue complication probability (NTCP) were gained through DVH.

Clinical and toxicity evaluation
--------------------------------

Patients with RP were recorded, graded, and treated according to the Radiation Therapy Oncology Group and the European Organization for the Research and Treatment of Cancer.[@b24-ott-8-1129],[@b25-ott-8-1129] All patients were followed up for at least 6 months.

Cytokine determination
----------------------

Blood samples were collected in EDTA tubes from patients before RT, during RT (at 40 Gy), and 1 day, 1 month, and 3 months after the completion of RT. Within 1 hour after collection on ice, the samples were centrifuged at 4°C at 3,000× *g* for 10 minutes. The plasma was frozen at −80°C until assayed. The TGF-β1, IL-1β, and ACE levels were assayed by enzyme-linked immunosorbent assay kits (R&D Systems, Inc., Minneapolis, MN, USA) following the manufacturer's instructions.

Statistical analysis
--------------------

SPSS 13.0 statistical software was used for the statistical analysis. Means were compared by conducting *t*-test and *P*μ0.05 was considered significant. Repeated measures analysis of variance (ANOVA) examinations were used to compare the changes in cytokine levels throughout the time course and during RP occurrence.

Results
=======

The incidence of RP
-------------------

Among the 63 patients studied, 17 (27%) patients developed RP, including four (6%) that had grade II and above RP, and 13 (21%) that had grade I RP. Those patients who had more than grade II RP were tested with a bacterial culture of their sputum and treated with oxygen. Intravenous antibiotics and steroid therapy were performed at the discretion of the treating physician. If necessary, oxygen-driven atomization inhalation would be performed. After treatment, 14 patients' irritating cough and wheezing symptoms either disappeared or were alleviated; CT showed that locally dense shadows were absorbed, a few residual patchy shadows were evident, or partial lung markings increased in terms of thickness. Three patients' respiratory symptoms were alleviated, but CT showed that the core-like shadow or grid-like phase change was consistent with the radiation field.

Patient characteristics
-----------------------

The characteristics of the 63 patients with esophageal carcinoma that completed this study are shown in [Table 1](#t1-ott-8-1129){ref-type="table"}. Among the 17 patients who developed RP, three received a lower dose (≤60 Gy) while 14 received a higher dose (\>60 Gy) of radiation. As expected, those patients that received a higher dose of radiation were more likely to develop RP. No other conditions, including age, sex, smoking history, chemotherapy, and tumor location, affected the RP incidences.

Dosimetric parameters
---------------------

A contrastive analysis of the RP group and non-RP (NRP) group's dosimetric parameters showed that the NTCP, GTV, V~5~ (%), V~10~ (%), V~20~ (%), and mean lung dose (MLD) of radiation were not significant factors of RP (data not shown).

TGF-β1
------

We measured plasma TGF-β1 levels to evaluate its association with the development of lung fibrosis. We found that before RT, the TGF-β1 level in the RP group was 38±10 pg/mL and in the NRP group, it was 42±10 pg/mL ([Figure 1](#f1-ott-8-1129){ref-type="fig"}). During the course of RT, the difference between the RP and NRP groups became significant after 40 Gy irradiation (*P*=0.00) ([Table 2](#t2-ott-8-1129){ref-type="table"} and [Figure 1](#f1-ott-8-1129){ref-type="fig"}). In the RP group, but not the NRP group, the levels of TGF-β1 continued to increase, reaching the highest level (sevenfold) at 3 months after therapy. We performed repeated measures ANOVAs for the analysis of chronological changes in TGF-β1 levels. The results indicated the interaction between changes in cytokine levels throughout the time course and during RP occurrence.

IL-1β
-----

We measured plasma IL-1β levels before, at the dose of 40 Gy, and 1 day, 1 month, and 3 months after RT. The plasma IL-1β levels did not raise with the increase in radiation dose in both groups ([Table 3](#t3-ott-8-1129){ref-type="table"}) ([Figure 2](#f2-ott-8-1129){ref-type="fig"}).

ACE
---

We analyzed ACE to understand the injury of the pulmonary endothelial cells. The ACE levels were significantly lower in patients with RP than in patients without RP throughout the course of RT (*P*=0.00) ([Figure 3](#f3-ott-8-1129){ref-type="fig"}). We used repeated measures ANOVAs and found that the ACE level was stable during the entire course of RT and was not associated with the development of RP ([Table 4](#t4-ott-8-1129){ref-type="table"}).

Discussion
==========

Radiation-induced lung injury was inevitable during the course of RT. With an increasing awareness of RP and the diversification of cancer therapy, the reported incidence of RP has increased. Recent literature has found that the incidence of RP is greater than 30% for patients treated with a combination of chemotherapy and radiation for thoracic malignancy,[@b10-ott-8-1129],[@b26-ott-8-1129]--[@b28-ott-8-1129] RP manifests 1--6 months after RT as shortness of breath, dry cough, and occasionally fever.[@b29-ott-8-1129] Moreover, 10%--20% of patients will get an acute radiation-induced lung injury within 1--3 months after RT,[@b30-ott-8-1129] whereas the early literature reported incidence rates in the range of 5%--15%.[@b31-ott-8-1129]--[@b33-ott-8-1129] To avoid RP, it is highly desirable to be able to predict patients' susceptibility to RT with biomarkers.

TGF-β1 is one of the biological cytokines implicated in radiation-induced damage.[@b13-ott-8-1129]--[@b16-ott-8-1129] The predictive value of TGF-β1 on lung toxicity was first reported by Anscher et al.[@b34-ott-8-1129] One of the studies by Kim et al[@b35-ott-8-1129] revealed that among the 34 patients treated for lung cancer, the plasma TGF-β1 levels had a predictive value for RP. Others also reported that there was a positive correlation between the levels of TGF-β1 before and during RT and the risk for developing RP.[@b36-ott-8-1129],[@b37-ott-8-1129] TGF-β1 may serve as a reliable predictor of RP in non-small-cell lung cancer.[@b38-ott-8-1129] The clinical evidence for TGF-β1 in radiation fibrosis pathogenesis is most reliably shown in RP among patients with lung cancer.[@b13-ott-8-1129] Our study suggests that when the radiation dose is at 40 Gy, the RP group and the NRP group had plasma TGF-β1 levels of 56±11 pg/mL and 45±9 pg/mL, respectively, which were significantly different (*P*μ0.05). The maximum difference occurred at 3 months post-RT (RP: 273±37 pg/mL; NRP: 46±12 pg/mL). The plasma cytokine TGF-β1 levels in the NRP group remained stable. The result is similar to the changes observed in the plasma TGF-β1 levels in non-small-cell lung cancer RT, as reported by domestic and foreign scholars.[@b13-ott-8-1129],[@b35-ott-8-1129]--[@b38-ott-8-1129] We performed repeated measures ANOVAs to analyze the chronological changes in TGF-β1 levels and found that there were associations between the changes in TGF-β1 levels throughout the time course of radiation and the risk of developing RP ([Table 2](#t2-ott-8-1129){ref-type="table"}). Those patients with elevated plasma TGF-β1 levels tended to develop RP. Thus, we can use TGF-β1 to identify the patients at risk for developing radiation-induced lung injury. For those patients with a high risk of developing RP, we can do the following: 1) design radiation treatment plans and further reduce the radiation dose of the lung; 2) reduce the radiation dose; 3) avoid the application of chemotherapy drugs that are involved in the development of lung injury; and 4) observe the respiratory symptoms and signs of patients. Those patients that exhibited clinical symptoms were treated with a bacterial culture of their sputum, oxygen was delivered by a rebreather mask, and so on. Intravenous antibiotics and hormones were administered at the discretion of the treating physician. If necessary, oxygen-driven atomization inhalation was performed.

ACE is known as an enzyme which can catalyze vasoconstrictor angiotensin I into vasoconstrictor angiotensin II.[@b18-ott-8-1129] In our study, no statistically significant differences were observed in the levels of ACE before, during (at the radiation dose of 40 Gy), and 1 day, 1 month, and 3 months after RT between patients with and without RP. Compared with pre-RT, changes in ACE levels were not statistically significant at each time point of RT in our findings. This suggests that lower plasma ACE levels are associated with RP incidence. This finding is in agreement with the findings of 42 patients with lung cancer that were studied by a group from the Chinese Academy of Medical Sciences and Cancer Hospital (Beijing, People's Republic of China).[@b39-ott-8-1129] Unfortunately, not all subsequent studies supported these conclusions. Zhang[@b22-ott-8-1129] reported that the concentration of ACE in those patients with lung cancer decreased significantly after RT. The reasons for these conflicting results may be explained by the fact that numerous factors can falsely relegate ACE levels, thus confounding their predictive value for RP occurrence; some chronic diseases may cause severe injury to the pulmonary endothelial cells prior to RT. In this study, all cases involved patients with esophageal cancer; as such, studying a single disease may affect the results. Future research should be conducted with a larger sample size, which may also yield positive results.

Our results show that IL-1β levels were unchanged during the course of RT and after RT, and they were not correlated with RP incidence. This result is similar to the findings of Kim et al[@b35-ott-8-1129] and Stenmark et al,[@b40-ott-8-1129] but other scholars observed that the plasma IL-1β levels were associated with RP.[@b41-ott-8-1129] The discrepancies in the IL-1β levels reported by scholars exist; however, the reasons for this are unclear. Numerous factors may confound the predictive value of IL-1β. We consider the following reasons for this finding. First, the patients in the RP group showed a higher level of IL-1β than did the NRP group; there was not a fundamental difference. In the RP group, plasma IL-1β levels tended to rise with increases in the radiation dose (after 40 Gy irradiation), but no statistical difference was observed. Our findings may be attributed to the patient population and sample size differences. If the sample size is increased, there may be a surprising discovery. Second, because cytokines are relatively fragile molecules, sample collection, processing, and differences in laboratory testing technology can also lead to differences in the various laboratory measurements. The use of a larger cohort of patients and longer follow-up data on the cytokine analysis of blood samples in the future will be very helpful in predicting RP.

A variety of factors lead to radiation-induced lung injury.[@b13-ott-8-1129] The general characteristics of patients included age, sex, smoking history, chemotherapy, tumor location, and radiation dose. This study demonstrated that the therapeutic radiation dose was linked to the risk of RP. A contrastive analysis of the RP group and the NRP group in terms of the dosimetric parameters showed that NTCP, GTV, V~5~ (%), V~10~ (%), V~20~ (%), and MLD of radiation were not significant factors of RP. This indicates that the contributions of the dosimetric parameters are the same in the RP group and the NRP group, and that the dose of normal tissue can be calculated within and limited to the clinical setting. The dosimetric factors should not be taken into consideration for the molecular biological events that may be responsible for RP.

Conclusion
==========

We showed that plasma TGF-β1 levels were highly (sevenfold) elevated during and after RT in the RP group. Conversely, the plasma TGF-β1 levels were steady throughout RT in the NRP group. We propose that TGF-β1 should be used as a predictor for RP. Patients with lower levels of plasma ACE were prone to RP. This study demonstrated that the application of the therapeutic dose was linked with the risk of RP. In short, the essence of RP includes increased expression of inflammatory cytokines, and cascade process reaction. The findings associated with cytokine TGF-β1 and ACE have profound implications for forecasting, preventing, and treating radiation-induced lung injury. In addition, damage to the stromal cells and endothelial cells cannot be neglected during radiation reactions.

**Disclosure**

The authors report no conflicts of interest in this work.

![Changes in TGF-β1 between the RP group and NRP group.\
**Notes:** This image indicates that the cytokine level was 37.77±9.67 pg/mL in RP and 42.13±10.49 pg/mL in NRP before RT. With increasing RT times, the difference between the two groups is readily discernible at the radiation dose of 40 Gy (*P*=0.00). At the same time, the levels of TGF-β1 were significantly higher than before radiotherapy in the RP group. However, in the NRP group, when compared with before RT, changes in TGF-β1 levels were not statistically significant at each time point of RT (*P*=0.131; 0.187; 0.317; 0.092). \*\*\**P*μ0.01.\
**Abbreviations:** TGF-β1, transforming growth factor-beta-1; RT, radiotherapy; RP, radiation-induced pneumonitis; NRP, non-radiation-induced pneumonitis.](ott-8-1129Fig1){#f1-ott-8-1129}

![Changes in IL-1β between the RP group and NRP group.\
**Abbreviations:** IL-1β, interleukin-1 beta; RT, radiotherapy; RP, radiation-induced pneumonitis; NRP, non-radiation-induced pneumonitis.](ott-8-1129Fig2){#f2-ott-8-1129}

![Changes in ACE between the RP group and NRP group.\
**Notes:** The ACE levels lowered significantly in the RP group before RT (*P*=0.00). With the passage of time and RT, the levels of ACE tended to decrease in the RP and NRP groups, but when compared with before RT, the changes in ACE levels were not statistically significant at each time point of RT. \*\*\**P*μ0.01.\
**Abbreviations:** ACE, angiotensin-converting enzyme; RT, radiotherapy; RP, radiation-induced pneumonitis; NRP, non-radiation-induced pneumonitis.](ott-8-1129Fig3){#f3-ott-8-1129}

###### 

Patients' characteristics

  Characteristics                                       Patients   Group   *P*-value        
  ----------------------------------------------------- ---------- ------- ----------- ---- -------
  Age(years)                                                                                0.461
   ≤60                                                  27         42.9    6           21   
   \>60                                                 36         57.1    11          25   
  Sex                                                                                       0.279
   Male                                                 30         47.6    10          20   
   Female                                               33         52.4    7           26   
  Smoking                                                                                   0.713
  Yes                                                   26         41.3    12          14   
  No                                                    37         58.7    5           32   
  Chemotherapy                                                                              0.656
   Yes                                                  47         74.6    12          35   
   No                                                   16         25.4    5           11   
  Radiation dose                                                                            0.042
   ≤60 Gy                                               24         38.1    3           21   
   \>60 Gy                                              39         61.9    14          25   
  Tumer location                                                                            0.595
   Upper[\*](#tfn1-ott-8-1129){ref-type="table-fn"}     14         22.2    3           11   
   Mid/Low[\*](#tfn1-ott-8-1129){ref-type="table-fn"}   49         77.8    14          35   

**Notes:**

Tumor location was defined by Union for International Cancer Control.

**Abbreviations:** n, number; RP, radiation-induced pneumonitis; NRP, non-radiation-induced pneumonitis.

###### 

Results of repeated measures ANOVA regarding changes in the mean TGF-β1 levels during the course of RT

  Mean ± SD (pg/mL)V                                                                                               
  -------------------- ------------- ------------- ------------- -------------- -------------- ---------- -------- -------
  RP (n=17)            37.77±9.67    55.75±10.85   97.22±14.66   160.20±28.45   272.89±36.71   Time       523.95   0.000
  NRP (n=46)           42.13±10.49   45.30±9.44    45.26±12.06   44.37±10.87    46.06±11.64    Time\*RP   510.42   0.000

**Abbreviations:** ANOVA, analysis of variance; TGF-β1, transforming growth factor-beta-1; RT, radiotherapy; SD, standard deviation; RP, radiation-induced pneumonitis; n, number; NRP, non-radiation-induced pneumonitis.

###### 

Results of repeated measures ANOVA regarding changes in the mean IL-1β levels during the course of RT

  Mean ± SD (pg/mL)                                                                                  
  ------------------- ----------- ----------- ----------- ----------- ----------- ---------- ------- -------
  RP (n=17)           1.24±0.22   1.32±0.42   1.38±0.25   1.40±0.32   1.43±0.38   Time       4.174   0.005
  NRP (n=46)          1.18±0.21   1.14±0.44   1.26±0.31   1.27±0.34   1.29±0.33   Time\*RP   0.271   0.896

**Abbreviations:** ANOVA, analysis of variance; IL-1β, interleukin-1 beta; RT, radiotherapy; SD, standard deviation; RP, radiation-induced pneumonitis; n, number; NRP, non-radiation-induced pneumonitis.

###### 

Results of repeated measures ANOVA regarding the changes in the mean ACE levels during the course of RT

  Mean ± SD (pg/mL)                                                                                       
  ------------------- ------------ ------------ ------------ ------------ ------------ ---------- ------- -------
  RP (n=17)           9.13±1.12    9.08±1.60    9.04±1.43    8.86±1.24    8.48±1.42    Time       0.945   0.445
  NRP (n=46)          12.79±2.17   12.51±2.57   12.20±2.64   11.93±2.34   11.96±2.82   Time\*RP   0.181   0.947

**Abbreviations:** ANOVA, analysis of variance; ACE, angiotensin-converting enzyme; RT, radiotherapy; SD, standard deviation; RP, radiation-induced pneumonitis; n, number; NRP, non-radiation-induced pneumonitis.
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